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S U M M A R Y 

A method of combining models of ionospheric F-layer ppak electron density and irregularity 
incremental electron density into a model of the occurrence probability ot the frequency spreading 
component of spread-F is presented. The predictions of the model are compared with spread-F 
occurrence data obtained under sunspot maximum conditions. Good agreement is obtained for 
latitudes less than 70° geomagnetic. A', higher latitudes, the inclusion of a "blackout factor" in the 
model allows it to accurately represent the data and, in so doing, resolves an apparent discrepancy in 
the occurrence statistics at high latitudes. The blackout factor is ascribed to the effect of poiar 
blackout on the spread-F statistics and/or the lack of a definitive incremental electron density model 
for irregularities at polar latitudes. Ways of isolating these effects and assessing their relative 
importance in the blackout factor are discussed. 

The model, besides providing estimates of spread-F occurrence on a worldwide basis, which will 
be of value in the engineering of HF and VHF communications, also furnishes a means of further 
checking the irregularity incremental electron density model on which it is based. 
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I. INTRODUCTION 

There is an extensive literature describing the occurrence behaviour of election-density irregularities in the F-tayer of 
ionosphere. These irregularities have been observed indirectly over several decades b> means of a variety of phenomena, 
e.g. bottc-made and topside spread-F(ref.l), scintillation of radio-star and satellite signals(ref2), radar backseatter(ref3, 
4) etc. More recently, the irregularities have been observed directly by means of suitably instrumented satellites(ref i , 6 ) . 
Work ha-; also commenced recently on the task of collating these data into a systematic description of the worldwide 
behaviour of ionospheric irregularities. In the first such attempt, Fremouw ar.d Bates(rcf .7) and later Fremouw and 
Rino(ref.8) developed an empirical model for the incremental electron density of the irregularities using radio-star and 
satellite scintillation data. In a second approach, Davis(ref.9) developed a numerical mapping technique for summarizing 
the global data available on the percentage occurrence of bottomsidc spread-F. In this paper, an attempt will be made to 
show that the spread-F data can be interpreted on the basis of the same empirical model as that used for the scintillations. 
at least under sunspot maximum • onditions. 

The next section will consider the method of relating the incremental electron density of the irregularities to the 
percentage occurrence of the spread-F resulting therefrom. This is followed by sections describing the models employed 
in the construction of the spread-F model. Finally, the spread-F model is compared with the experimental results and the 
implications of this comparison are discussed. 

2. FORMULATION OF THE SPRFAD-F MODE I 

&wead-F manifests itself on ionoj.ranis as a spread in F-laycr range at frequencies below the penetration frequency 
(range spreading, reference 10). as ?. spread in critical frequency (frequency spreading, reference ! I) or as a combination 
of these effects. 

Several studies o." the global occurrence of spread-F(ref.l 2,13,14) have been made and will be used later in this paper 
to evaluate the spread-F model which is constructed. The data used in these studios were obtained in such a way that 
they portray the occurrence of the frequency-spreading component of spread-F. rather than the overall occurrence of the 
spread-F effect (ref.l 2). Consequently, the following model is constructed on the basis of the frequency spreading (Af) 
which would be produced by a field of irregularities with incremental electron density AN. 

If the peak electron density of the F-laycr is N (10 5 electrons cm""1), then the penetration or critical frequency of the 
0-ray fQ (MHz) is given by (e.g. reference 15) 

f() = 2.85 N'- (I) 

It follows that if irregularities with an incremental electron density of AN (K) 5 electrons cm"1) are present at the peak of 
the layer, the spread in critical frequency Af 0 (MHz) will be 

Af„ 2.85 ;(N + AN)"--N 'A (2) 

Equation (2 ) shows that, in order to construct a model of AfR from a model of AN such as that of Fremouw and 
Rino(ref.8),a model of the peak electron density (N) is also required. Fortunately, Ching and Chiu(ref.l6)have 
recently published such a model. The details of the models of AN and N used will be outlined in following sections. It 
is sufficient to note here that Af 0 can be modelled in terms of existing models of AN .md N. 

The spread-F data is not presented in terms of a mean value of Af„, but rather in terms of the percentage of the 
number of observations at a particular time, latitude, season, year, etc. in which AfQ exceeds some critical value A L . 
This is usually of the order of 0.1 MHz and is fixed by instrumental considerations(ref .11). In order to evaluate a spread-F 
model therefore, Af„ has to be related to percentage occurrence. 

The models of AN and N used only claim to give mean values; they each recognise that from time to time there will be 
considerable variation about the predicted mean. Af f l given by equation (2). will similarly be the mean value of the 
distribution of Af values expected in reality. This distribution will be assumed to be a normal distribution of standard 
deviation a. The percentage occurrence P is given therefore by the area under that part of the normal curve for which 
Af > Af . It follows from the definitions of the normal probability intergral and the error function that P is given by 

P = 50 I -erf y/20 , (3) 
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In order to make further progress, it is necessary to evaluate the standard deviation a. Negative values of Af have no 
physical meaning. It may be reasonable to assume therefore that a is related to the mean (Af 0) in such a way that the 
great bulk of the values of Af are positive. This is so if 0 = Af 0/n, where n = 2 (2% of the total distribution negative). 
3 (0.14% of the total distribution negative) or greater. In practice n = 2 has been used and trial has shown that the 
results are altered little if larger values of n are used. For n = 2 equation (3) becomes 

^ N 
I / A f 

P = S 0 L i - e r f J V 2 ( ^ - , (4) 

which is the required relationship between the occurrence probability or percentage occurrence P and the mean spread in 
critical frequency At'c. This relationship is illustrated in figure 1 for Afc - 0.1 MHz. It will be noted that the probability 
of detecting a Af distribution for which the mean value Af0 is below OJOSMHZ is very small .while this probability rises 
almost linearly to 50% where Af0 equals Af£. The linear increase continues until Af 0 is about 2 Af„. For larger mean 
values (Af 0) the probability of detecting the associated Af distribution increases rapidly and approaches 100% 
asymptotically for values of AfQ > 1.0MHz. 

Using equat'on (2) in conjunction with equation (4), it is possible to combine models of F-layer peak electron density 
and irregularity incremental electron density to obtain a model of spread-F occurrence. This process is described further 
in the following sections. 

3. THE ELECTRON-DENSITY MODEL 

Jones and Stewart(ref.l 7) have presented a synoptic model of ionospheric electron density suitable for evaluation with 
a large digital computer. More recently, a physical synoptic model of the ionosphere, taking into account production and 
loss of ions, has been constructed(ref.l8). From the point of view of the present investigation, these models suffer from 
the defect that they consume large quantities of both compi ter storage and processing time for their evaluation, yet only 
provide the initial data for further processing. Consequently, they have been bypassed in favour of a phenomenological 
model of global ionospheric electron density (ref.l 6). This model employs simple empirical formulae for the calculation 
of electron density and so requires little storage and processing time while not sacrificing accuracy, at least as far as large 
scale features are concerned. 

The quantities local time, day of year, geographic and geomagnetic latitude and monthly smoothed Zurich sunspot 
number are required by the model. If more convenient, the variable local time can be replaced by Universal time and 
geographic longitude. Similarly, conversions can be made readily between geographic latitude and longitude and 
geomagnetic latitude and longitude. The model provides the electron density of the peak of the layer N in units of 10 s 

electrons cm'3. Details of the empirical formulae used are to be found in the Appendix of the paper by Ching and Chiu 
(ref.l 6). 

Figures 2(a) and 3(a) illustrate the output from the electron density model. In figure 2(a) the maximum electron 
density of the F-layer (N) for September 1957 is plotted contour fashion on a grid of local time versus geomagnetic 
latitude. This grid was evaluated every half hour of local time and every five degrees of geomagnetic latitude. In figure 
3(a) contours of N for September 1957 and 1800 hours Universal time are plotted on a zenithal equal angle projection 
with the geographic north pole as origin. Here the grid use;! by the computer for the construction of the contours was 
evaluated every five degrees of latitude and longitude. These two methods of displaying the data were chosen so as to be 
consistent with the method of display of the experimental spread-F data with which the final spread-F model will be 
compared. 

Figure 2(a) shows the well known features of F-layer behaviour, t%. the fall off in electron density as the pole is 
approached, the early morning minimum at all latitudes and the afternoon "geomagnetic anomaly" at the geomagnetic 
equator(ref .19). The first two of these features are also obvious from figure 3(a). However, the geomagnetic anomaly is 
only partly visible in this figure, as the geomagnetic equator is in the southern hemisphere in the geographic longitude 
range of interest (0° - 90°W). 

4. THE INCREMENTAL ELECTRON DENSITY MODEL 

As indicated in the Introduction, Fremouw and Bates(ref.7) followed by Fremouw and Rino(ref.8) have developed an 
empirical model for the intensity AN(Ah)5 4 of the F-layer irregularities which are responsible for radio-star and sated, te 
scintillations. Here AN is the incremental electron density of the irregularities relative to the background layer (in units 
of 10 s electrons cm'J) and Ah(km) is the effective thickness of the layer of irregularities. 
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The model consists of tour additive terms, the influence of each being dominant in different regimes of geomagnetic 
latitude namely equatorial, mid, high and auroral latitudes. These terms, the detailed formulation of which can be found 
in Fremouw and Rino(ref£), are functions of local time (t), day of year (d), geomagnetic latitude (X) and the monthly 
smoothed Zurich sunspot number (R). If more convenient, geographic latitude and longitude and Universal time can be 
substituted (with the appropriate conversions) for local time and geomagnetic latitude in this input list. Thus the model 
(M) can be expressed as follows: 

AN (Ah)*4 = M(t,d,X,R) 

Fremouw and Rino(refii) assume Ah to be 100km as indicated by some experimental data(ref .20,21,22). Thus their 
estimates of the incremental electron density ANp are given by 

AN F = 0.1 M(t,d,X,R) 

In order to preserve some flexibility in fitting the final spread-F model to the experimental data, use will be made of AN 
defined as 

AN = m;AN F = 0 . la i (M(i ,d , \ ,R) (5) 

where m̂  is a factor which may have a different value for each of the additive terms which make up M(t,d,X, R), that is, 
lor each latitude range. 

The predictions of the incremental electron density model are illustrated in figures 2(b) and 3(b) where m. = 1.27, 
3 and 3 in the equatorial, mid, hifji and auroral latitude regions respectively. The basis for this choice of values of m. 
will be discussed later. Figure 2(b) shows the local time and geomagnetic latitude variation of AN for September 1957, 
while figure 3(b) gives the northern hemisphere geographic latitude and longitude variation of AN for 1800 hours UT 
during that month. The equatcrial and high latitude regions of high irregularity activity (ref.l 2) are evident in both these 
diagrams. 

5. THE SPREAD-F PROBABILITY OF OCCURRENCE MODEL 

Using equation (2), the N and AN models described above were comb'ned to give a model of the variation ot the mean 
spread in critical frequency (Af 0). For September 1957 this model gives tin. variations of AfQ with local time and 
geomagnetic latitude and with geographic latitude and longitude a' 1800 hours UT shown in figures 2(c) and 3(c) 
respectively. Comparison of figure 2(c) with figures 2(a) and (b) on the one hand and figure 3(c) with figures 3(a) and 
(b) on the other shows that, while there are some minor differences, the AfQ variations arc of similar form to the AN 
variations. As expected. AN proves to be the prominent influence in determining Af„. 

By making use of equation (4) the mean spread in critical frequency (Af 0) information was converted to probability 
of occurrence information. For September 1957 the model's predictions for the variations of occurrence with local 
time and geomagnetic latitude and with geographic latitude and longitude at 1800 hours UT arc shown in figures 2(<*) and 
3(d) respectively. 

Experimental results for the probability of occurrence of spread-F as a function of local time and geomagnetic latitude 
during September 1957(ref. 12) are presented in figure 2(e). Comparison of figures 2(d) and 2(e) shows that reasonable 
agreement between the model and experiment is obtained in so far as level of occurrence, local time range, latitude range 
and general configuration are concerned, from equatorial latitudes (o about 70° geomagnetic latitude. At higher 
latitudes, the experimental contours reveal considerable structure which is not reproduced by the model. The agreement 
in level of occurrence was obtained by choosing m, in the equatorial, middle, high and auroral latitude regions to be 1, 
2.7,3 and 3 respectively. 

Figure 3(e) shows Penndorrs(ref.l4) results for spread-F occurrence as a function of geographic latitude and longitude 
for 1800 hours UT during September 1907. Only data from ionosondes with mid-to polar-latitude locations in ihe 
northern hemisphere were used in Penndorfs study. Comparison of figure 3(e) and the appropriate part of figure 3(d) 
shows that the model represents the available experimental results reasonably well below 60° geographic latitude. At 
higher latitudes, the experimental contours possess considerable structure which is not predicted by the model. 

Both of these comparison* of the predictions of the model with experimental data lead to the same conclusion, namely 
the model is deficient at geomagnetic latitudes In excess of 70°. Perhaps this is not surprising, as the spread-F model is 
largely dependent on the model of incremental electron density which, because of a lack of scintillation observations, is 
not well defined in the polar region (ref &). 
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AnotHr factor which is likely to be significant in explaining the deficiency of the spread-F model in polar latitudes is 
the effect of polar blackout. During blackout, heavy absorption by the ionization below the F-layer prevents the probing 
of the F-layer from below by a ground based ionosonde and hence precludes the possibility of detecting spread-F (ret. 12). 
This condition would also affect the amplitude of the scintillating transionospheric signal but not to the same degree 
because of the considerably higher frequency used. There would be many occasions in which the F-layei would be 
effectively unobxervable from below but still be observable by means of transionospheric propagation. Thus, in the polar 
region, a spread-F occurrence model based on incremental electron density data obtained from scintillations would be 
expected to indicate more spread-F than is observed. This hypothesis is borne out by comparisons of figures 2(d) and 
2(e) and also 3(d) and 3(e). 

Until more scintillation observations are available from very high latitudes, it will not be possible to differentiate 
between blackout and undocumented variations of AN at these latitudes when modelling the observed structure in 
spread-F occurrence. For the present it will be assumed that the probability of occurrence of spread-F, calculated from 
equation (4) at geomagnetic latitudes in excess of 70°, will need to be modified by a "blackout factor" (B) whic!i is a 
function of local time (t). Comparison of figures 2(e) and (d) shows that this factor is close to unity at 0100 houn, drops 
to minima of about 0.6 at 0700 to 0800 hours and 1800 to 1900 hours, and has a submaximum of about 0.8 at 1400 to 
1500 hours. A function of t having these properties is given in equation (6). 

B = 1 +A {cos2*Y —• j -1] + C j cos 4ir ( - ^ p j - lj (6) 

Here the period T = 24 hours, the phase time T = 1 hour and the coefficients A and C are 0.09 and 0.17 respectively. 
Figure 2(0 shows the local time versus geomagnetic latitude variation of spread-F fo: September 1957 predicted by the 

mod*-! when the output from equation (4) is modified by the factor B at geomagnetic latitudes in excess of 70°. 
Comparison of figures 2(f) and 2(e) shows that the inclusion of the blackout factor makes the model much more realistic 
at very high latitudes. This is emphasized further when the model including the blackout factor is used to predict the 
occurrence of spread-F as a function of geographic latitude and longitude. Figure 3(0 presents the modified model's 
predictions for 1800 hours UT during September 1957. Comparison of this with figures 3(d) and (e) shows that the 
double maxima phenomenon at high latitudes, which is evident in the experimental result but absent from the initial 
spread-F model, is well represented bv the model when the blackout factor is included. 

Penndorf (ref .14) pointed out an interesting property of the double maxima structure in the occurrence of spread-F 
as revealed by the geographic latitude versus longitude plots. As Universal time is varied, one of the maxima remains 
stationary in the vicinity of 70°N latitude and 80°W longitude, while the second maximum travels round the auroral belt 
so as to be centred on the midnight meridian. This behaviour is illustrated in figures 4(b), 4(d), 3(e) and 4(0 in which 
Penndorfs(ref.14) results are reproduced for 0600,1200,1800 and 2100 hours UT. The spread-F model, including the 
blackout factor, accurately reproduces this behaviour as can be seen from figures 4(a), 4(c), 3(0 and 4(e). Without the 
blackout factor, the two maxima structure is not predicted by the model at any time; the contours remain roughly 
symmetrical about the midnight meridian, as in figure 3(d), and move round with it as Universal time is changed. 
Consequently, PenndorPs stationary and travelling maxima in the occurrence of spread-F in polar latitudes (ref. 14) are 
clearly manifestations of the phenomenon which necessitates the inclusion of the blackout factor in the spread-F model. 

6. DISCUSSION 

Fremouw and Rino(ref S) point out that the sets of scintillation data on which the incremental electron density model 
are baKd, have limitations with respect to compatibility and accuracy and that the accuracy of the model possibly suffers 
accordingly. It is therefore perhaps not surprising that small adjustments to the AN values (m^ = 1 to 3) were found to 
be necessary in order to get a good fit to the spread-F occurrence data. Further, the scintillation data used to model AN 
are predominantly sunspot maximum data; the sunspot cycle variations are only loosely defined, if at all. So it was 
perhaps not for* Jitous that the above manipulation of the AN model to predict spread-F occurrence should give ;jood 
agreement with spread-F occurrence data for sunspot maximum conditions. Tru- use of the above procedures to predict 
spread-F occurrence in sunspot minimum conditions may well test, not only these procedur ;s, but also the validity of the 
AN model under these conditions. This point will be considered further in a subsequent paper. 

If the present work achieves nothing else, it has shown that the two representations of the IGY data, the local time 
versus geomagnetic latitude repreientatk>n(ref.l2) and the geographic latitude versus longitude representation (ref. 14) are 
compatible, as indeed they should be. This fact was difficult to appreciate by simple and unaided inspection of the 
diagrams presenting the experimental results. 

The success of the blackout factor, given by equation (6), in providing representations of both the two-maxima 
occurrence pattern on the geographic latitude versus longitude diagrams and the high-latitude structure of the local tune 
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versus geomagnetic latitude contour diagrams of percentage occurrence of spread-F. has important implications beyond 
those assocated with the production of a successful model. It should aid in the understanding of the physical 
mechanisms producing the electron density irregularities in this area. In this connection, <t is important to isolate the 
two mechanisms which are presently considered to play a part in the behaviour modelled by the bhekout factor. These 
are first, the obscuration by polar blackout of the F-layer when viewed from below and second, the possible existence of 
a presently undetermined spatial and temporal structure of AN at very high latitudes. Fvaluation of the importance of 
the first possibility may be accomplished by comparing bottomside and topside ionograms in an attempt to see what 
proportion of bottomside spread-F data is lost due to blackout at various latitudes, longitudes and times. The acquisition 
and analysis of scintillation data at a number of sites in the polar region supported by suitable analysis of topside sounder 
data, should establish the existence of any temporal and spatial structure of AN not presently appreciated. 

It is perh.->r» interesting to speculate as to the eventual result of the investigations just suggested. Supposing polar 
blackout does play some part in determining the polar spread-F statist! . then its influence would be expected to be 
minimal along the midnight meridian (ref.23) thereby explaining the existence of PenndorPs travelling maximum(rcr.l4). 
The continued existence of the permanent maximum over the Canadian Archipelago (65° to 75° N geog. lat. and 55° to 
105° W geog. long.) in spite of the degrading of the statistics due to blackout, would indicate a very strong source of 
irregularities in this area. Consequently, the overall picture which emerges from such a speculation is a belt of increased 
irregularity activity in and poleward of the auroral zone in which is embedded a region of very high activity over the 
Canadian Archipelago. Confirmation or otherwise of such a speculation must await further observation. 

7. CONCLUSION 

A viable method of converting models of F-layer peak electron density and irregularity incremental eU'ctron density 
into a model of the occurrence of the frequency-spreading component of spread-F has been presented. This model has 
been compared with sprcad-F occurrence data obtained under sunspot maximum conditions. Good agreement was 
obtained for latitudes less than 70° geomagnetic. In order to obtain agreement between the model and the data at higher 
latitudes, a "blackout factor" had to be included. Consideration of the nature of this factor indicates the ne;d for further 
work on the effect polar blackout has on the occurrence statistics of spread-F and also on the spatia! and temporal 
variations of the mean incremental electron density of irregularities in the polar Flayer. 

The model appears to provide estimates of spread-F occurrence on a global basis at least under sur.spnt maximum 
conditions, which will be of value to engineers in estimating the effect of the spread-F phenomenon on IIP and VHF 
communications. It also provides a means of further checking the incremental electron density (AN) model on which it 
is based. A subsequent publication will explore the use of the spread-F modi in improving the AN model for sunspot 
minimum conditions. 
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Figure 2. Local time versus geomagnetic latitude contour plots for September 1957 
which illustrate the method of construction and evaluation of the 
spread-F model 
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Figure 3. Geographic latitude versus longitude contour plots for 1800 hours UT, September 1957 
which illustrate the method of construction and evaluation of the spread-F model 
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Figure 4. The model's predictions for September 1957 compared with experimental geographic 
latitude versus longitude contour plots of spread-F occurrence 
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